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Abstract

Results from a systematic study of damage in material structures representing the basic elements of dental crowns are reported.

Tests are made on model flat-layer specimens fabricated from various dental ceramic combinations bonded to dentin-like polymer

substrates, in bilayer (ceramic/polymer) and trilayer (ceramic/ceramic/polymer) configurations. The specimens are loaded at their

top surfaces with spherical indenters, in simulation of occlusal function. The onset of fracture is observed in situ using a video

camera system mounted beneath the transparent polymer substrate. Critical loads to induce fracture and deformation at the ceramic

top and bottom surfaces are measured as functions of layer thickness and contact duration. Radial cracking at the ceramic

undersurface occurs at relatively low loads, especially in thinner layers. Fracture mechanics relations are used to confirm the

experimental data trends, and to provide explicit dependencies of critical loads in terms of key variables: material—elastic modulus,

hardness, strength and toughness; geometric—layer thicknesses and contact radius. Tougher, harder and (especially) stronger

materials show superior damage resistance. Critical loads depend strongly (quadratically) on crown net thickness. The analytic

relations provide a sound basis for the materials design of next-generation dental crowns.

Published by Elsevier Ltd.
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1. Introduction

Ceramics are replacing metals as materials of choice
in dental crowns [1], as well as in other biomechanical
prostheses (e.g., hip prostheses) [2]. Apart from im-
proved aesthetics, ceramics promise superior biocom-
patibility and inertness. However, clinical experience
of product names and suppliers in this paper is not to
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indicates that all-ceramic crowns are not as durable as
their porcelain-fused-to-metal counterparts, particularly
on molar teeth—ceramics are limited by their brittleness
[3–11]. In the 1980s and 1990s, crowns fabricated as
enamel-like monoliths from micaceous glass-ceramics
(Dicor, Dentsply/Caulk, Milford, DE) and high leucite
porcelains (IPS Empress, Ivoclar, Schaan, Lichtenstein)
were introduced, but showed unacceptably high failure
rates [7,11]. Subsequent crown design has focused on
retention of porcelain as an aesthetic veneer but with
much stronger alumina-based ceramics, either glass-
infiltrated (InCeram, Vita Zahnfabrik, Bad S.ackingen,
Germany) or (more recently) pure and dense (Procera,
Nobel Biocare, G .oteborg, Sweden), as supporting cores.
Although alumina-based crowns continue to replace
metal-based crowns, failure rates remain an issue
[10,12]. Lifetime data on crowns fabricated with the
latest, ultra-strong core ceramics, e.g. yttria-stabilized
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zirconia (Y-TZP) and alumina-matrix composites
(AMC) [2], have yet to be documented.
Clinically, bulk fractures are the reported cause of all-

ceramic crown failure whether the crown is a monolith
or a layered structure [13]. Failure generally does not
ensue from damage at the occlusal surface (though some
cumulative damage may occur at wear facets), but
rather from subsurface radial cracks at the cementation
interface [1,14]. The radial cracks are initially contained
within the inner core layer, but subsequently propagate
to the core boundaries, ultimately causing irretrievable
failure. This raises an interesting question—if the
ceramic core materials are so strong, why do the cracks
not originate in the weak outer porcelain? Porcelain
failures do seem to occur preferentially in metal-backed
crowns, although there is some indication that such
failures may be preceded by plasticity in the ductile
metal [15]. What then, are the important material
parameters that govern these failure modes in crown
structures, and how may they be optimized? As early as
1983, McLean argued intuitively that layered all-ceramic
crowns should perform well if the core fracture strength
were to exceed the yield strength of base metal alloys
(about 400–500MPa for gold) [16]. But until now there
have been few systematic attempts to test this assertion
[1,14]. Studies in the dental community continue to be
largely governed by methodologies of retrieval analysis
and clinical trial.
A principal objective of our investigation is to

establish critical conditions for initiation of lifetime-
limiting damage in ceramic-based crown-like layer
structures. Controlled indentation testing with spheres
on flat-layer specimens is used to simulate the basic
elements of occlusal loading. While basic, the test
procedure is not restrictive—once the materials aspects
are understood, complicating factors such as crown
geometry, complex chewing motion, role of dental
cement, etc. may be added step-by-step into a complete
description. Post-mortem studies on specimens cross-
sectioned through the indentation sites have identified a
variety of competing fracture and deformation modes at
the top (occlusal) surfaces and crown/substrate (cemen-
tation) interfaces, each with the potential to cause
damage accumulation and subsequent failure [17–20].
These studies have confirmed that damage occurs when
the stress intensity in the layer structure exceeds certain
limits—fracture from tensile stresses, yield from shear
stresses. Common modes in all-ceramic layer systems
are shown schematically in Fig. 1—others are possible
and will be discussed later. Interestingly, delamination
at the interlayer interfaces is not generally a primary
fracture mode, except perhaps in extensive cyclic
conditions and/or when one of the crown layers under-
goes plastic yield.
In this paper we summarize the results of studies on

model layer structures in which the various damage
modes can be observed and quantified in situ. Such
observations confirm radial cracking as a primary
source of failure in all-ceramic crown-like structures,
and facilitate the derivation of explicit analytic relations
expressing critical loads for initiation of this and other
damage modes in terms of materials properties and layer
thicknesses.
2. Methods and materials

Crown-like layer structures were constructed from
dental ceramics bonded to dentin-like transparent
polycarbonate bases [21–23]. Basic properties of the
relevant materials are listed in Table 1: Young’s
modulus (resistance to elastic deformation), hardness
(resistance to plastic deformation), strength (resistance
to crack initiation) and toughness (resistance to crack
propagation). The ceramics were supplied by the
manufacturers as plates with minimum lateral dimen-
sion 15mm, ground flat and parallel and surface-
polished with 1 mm diamond paste. In the case of
bilayers, monolithic ceramic plates were directly bonded
to the substrates using transparent epoxy adhesive as
cement. For trilayers, a porcelain-like soda-lime glass
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Table 1

Properties of dental materials

Material Name Supplier Modulus E

(GPa)

Hardness H

(GPa)

Toughness T

(MPam1/2)

Strength S

(MPa)

Core ceramic

Glass-ceramic Empress II Ivoclar 104 5.5 2.9 420

Alumina (infiltr) InCeram Vita Zahnfabrik 270 12.3 3.0 550

Zirconia (infiltr) InCeram Vita Zahnfabrik 245 13.1 3.5 440

Zirconia (Y-TZP) Prozyr Norton 205 12.0 5.4 1400

Alumina-matrix

composite (AMC)

DC25 CeramTec 350 19.3 8.5 1150

Veneer ceramic

Porcelain Mark II Vita Zahnfabrik 68 6.4 0.92 130

Empress I Ivoclar 67 5.6 1.4 160

Glass Soda-lime Fisher Scientific 73 5.2 0.67 110

Core metal

Au-alloy Argident 88 Argen 92 1.2

Co-alloy Novarex Jeneric/Pentron 231 3.0

Substrate

Polycarbonate Hyzod AIN Plastic 2.3

Epoxy RT Cure Master Bond 3.5

Tooth

Dental cement Various 2–8

Dentin 16
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veneer layer was first fired to each dental ceramic core
with fusible glass tape before epoxy-bonding the whole
to the substrate, with variable veneer/core thickness
ratio but fixed net thickness 1.5mm. The bonding
interlayers were less than 20 mm in all cases. Some
model all-transparent systems were prepared to high-
light the radial crack features in each layer.
Indentations were made on the specimen top surfaces

using a tungsten carbide sphere of (cuspal) radius 4mm,
in normal single-cycle loading at a prescribed loading
rate. An optical zoom microscope (Optem, Santa Clara,
CA) with video tape recorder system provided direct
viewing of the specimens during loading. Simultaneous
viewing from below the transparent polycarbonate
substrate at the ceramic undersurface and through the
side walls of any transparent glass layers enabled
detection of radial cracks in the core or veneer,
respectively. Post-indentation examinations were used
to determine critical loads for top-surface fracture (cone
cracks) and yield (quasiplasticity4) from near-contact
stresses [20].
Specific details and statistical analysis of these

experiments are covered in earlier publications [24,25].
Extensions of the experimental setup to more complex
crown geometries, to metal-core crown systems [15,26],
4Yield in ceramics occurs by a different mechanism to that in metals

and usually at a higher contact stress level (higher hardness) than in

metals, and is referred to as ‘‘quasiplasticity’’.
and to lateral, rotational and multi-cycle loading, are
readily accommodated in our setup.
3. Results

3.1. Radial crack observations

As indicated, several damage modes can occur in layer
structures (Fig. 1). Of these, radial cracking in the
ceramic at the lower (cementation) surface is the most
deleterious, so we focus on this mode here. Fig. 2 shows
side views of typical radial cracks in model all-
transparent bilayer [21] and trilayer [27] systems during
contact. These model systems use soda-lime glass as the
basic ‘‘ceramic’’ layer, with a glass veneer of different
modulus in the case of trilayers. The radial cracks form
abruptly at a critical load and spread laterally outward
over long distances relative to the layer thickness as the
load continues to increase. They tend to remain
contained within the layer in which they initiate, within
the core in the case of trilayers, leaving the crown intact.
Contained cracks tend to close up (but not heal) on
removal of the indenter and are difficult to detect from
post-indentation top-surface inspections alone. Subsur-
face views show that the cracks develop several radial
‘‘arms’’ in a characteristic ‘‘star’’ pattern [21]. At
sufficiently high loads the cracks penetrate the entire
coating layer and cause catastrophic failure.



ARTICLE IN PRESS

Fig. 2. Side views of radial cracks in all-glass crown-like layer systems

in contact with WC sphere: (a) bilayer, d ¼ 1mm (fringe pattern from

light interference at open crack walls), (b) trilayer, do ¼ di ¼ 1mm.

100

101

102

104

103

10-1 100 101

Ceramic thickness, d (mm)

Ceramic/polycarbonate

C
ri

tic
al

 lo
ad

, P
 (

N
)

Zirconia (Y-TZP)
Alumina (glass-infiltrated)
Zirconia (glass-infiltrated)
Glass-ceramic (Empress II)
Porcelain (Empress)
Porcelain (Mark II)

r = 4 mm

Fig. 3. Critical loads P for first damage in ceramic/polycarbonate

bilayers as a function of ceramic thickness d; for indentation with WC
sphere (r ¼ 4mm), for a range of dental ceramics [24]. Symbols are

experimental data (standard deviation bounds). Solid lines are

theoretical predictions for cone cracking or quasiplasticity (horizontal

lines) and radial cracking (inclined lines).

B.R. Lawn et al. / Biomaterials 25 (2004) 2885–28922888
3.2. Bilayer data

Fig. 3 shows critical loads P for monolithic plates of
Y-TZP (Prozyr), glass-infiltrated alumina and zirconia
(InCeram), lithium disilicate glass-ceramic (Empress II)
and two porcelains (Empress I and Mark II) bonded to
polycarbonate substrates, for indentation with a sphere
of radius r ¼ 4mm at loading rate 1N s�1 [24]. Points
are experimental data for first observed damage in the
ceramic layer, as a function of ceramic thickness d: at
larger d (unfilled symbols), either cone cracking (PC) or
quasiplasticity (PY), whichever occurs first (quasiplasti-
city in all cases except Mark II porcelain); at smaller d

(filled symbols), radial cracking (PR). Solid lines are
theoretical predictions from corresponding critical load
relations [15,22,28–30].

PC ¼ AðT2
c =EcÞr; ð1aÞ

PY ¼ DHcðHc=EcÞ
2r2; ð1bÞ

PR ¼ BScd
2= logðEc=EsÞ; ð1cÞ
where Ec;Tc;Hc and Sc are modulus, toughness, hard-
ness and strength of the ceramic, Es is modulus of the
substrate, and A;B and D are dimensionless coefficients.
The theory accounts for the main experimental trends.
Note that the critical loads are governed primarily by
ceramic properties: PC by toughness, PY by hardness (or
yield stress), and PR by strength; elastic modulus Ec is
an additional factor, less important in Eq. (1c). Thus,
curves for radial cracking in tougher, harder and (most
significantly) stronger materials lie higher in this plot.
The radial cracking mode is highly susceptible to the
ceramic layer thickness, with quadratic dependence
PRpd2:
Fig. 4 shows the effect of loading rate on the critical

load for radial cracking, for selected ceramics of
thickness d ¼ 1mm on polycarbonate substrates (‘‘dy-
namic fatigue’’ tests) [31]. The data are plotted as PR

versus contact duration t for radial cracking. The solid
lines are fits to the data using standard fracture
mechanics relations based on rate-dependent moisture-
enhanced growth of the incipient radial cracks [32]

PC ¼ C=t1=N ; ð2Þ

where N is a crack velocity exponent and C is another
dimensionless constant. Data extrapolations indicate
typical reductions in PR of a factor of 2 to 3 over a
period of a year or more.
For survival, it is necessary for the load to remain

beneath the solid lines in Figs. 3 and 4. Typical occlusal
loads are 100–200N [33], although spikes up to 500N or
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more are possible in extreme cases [14]. On this basis, Y-
TZP and AMC are the most resistant to damage
initiation, porcelains the least resistant, with InCeram
alumina and Empress II intermediate. Such diagrams
therefore afford a simple, immediate graphical basis for
materials ranking, as well as provide an underlying basis
for lifetime prediction. We will return to this element in
Section 4.

3.3. Trilayer data

Fig. 5 is a plot of the critical load PR to produce radial
cracks in the inner (i) core ceramic layers fused to outer
(o) glass veneer layers and epoxy-bonded to polycarbo-
nate substrates, as a function of glass veneer thickness do
(lower axis), or core thickness di (upper axis), for fixed
d ¼ di þ do ¼ 1:5mm (nominal crown thickness). In this
case data points are individual experimental results for
Y-TZP, alumina and glass-ceramic cores. Solid curves
are predictions from a relation derived from conven-
tional elastic plate theory by regarding the outer/inner
ceramic duplex as a single ceramic layer of effective
modulus E�

c [34]

PR ¼ BSid
2ðE�

c =EiÞ=logðE�
c =EsÞ ð3Þ

analogous to Eq. (1c), with

E�
c ¼

Eif1þ e2d3 þ edð5:66þ 2:18dÞg

f1þ 1:97dþ ed½ð5:66� 1:97Þ þ 2:18dþ d2	g
; ð4Þ

where e ¼ Eo=Ei and d ¼ do=di: Again, the solid curves
predict the main data trends. Relative to the bilayer limit
di ¼ 1:5mm (do ¼ 0), PR diminishes as more of the core
is replaced by veneer—aesthetics comes at a cost. Note
that the PR data plateau out within the region do ¼ 0:5
to 1mm, suggesting that the integrity of the structure is
not too sensitive to do=di in this intermediate region.
Relative modulus Eo=Ei becomes an important materi-
als factor, along with core strength Si:
4. Discussion

Experimentation with model layer structures com-
bined with analytical fracture and deformation me-
chanics provides a sound physical basis for investigating
the role of key materials and thickness variables in all-
ceramic crown design. Use of flat-layer structures, while
simplistic in their representation of crown geometries,
enables independent assessment of these key variables.
The test protocol can be readily modified step-by-step to
include complex occlusal loading, crown geometry and
other clinical factors. In its basic form, the test offers
immediate insight into critical damage modes in all-
ceramic crowns: at the crown top surfaces, cone
cracking (leading to tooth chipping) or quasiplasticity
(leading to damage accumulation, microcrack coales-
cence, and accelerated wear); at the crown bottom
surfaces, radial cracks (leading ultimately to failure).
Clinically, radial cracks are all the more dangerous
because they tend to remain subsurface and close up
(but, again, not heal) when unloaded, and are thereby
difficult to detect by surface inspection alone [22].
Radial cracks are especially dangerous in thin crown
structures (Fig. 3) and in prolonged loading (Fig. 4).
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A feature of the methodology is the amenability to
classical fracture and deformation mechanics, summar-
ized by the relations in Eqs. (1–4). These relations are
explicit in their dependence on basic crown thicknesses,
and enable some strong conclusions to be drawn. Since
PC and PY both increase with r; top-surface damage
may be minimized by keeping the crown cuspal radius
large enough (by adjusting the opposing dentition to
avoid sharp contacts, where possible). More critically,
since PRpd2; radial cracks can be avoided by keeping
the net layer thickness sufficiently large, preferably
d > 1:5mm, within the limits of physiological con-
straints. A reduction in net crown thickness from d ¼
1:5 to 0.5mm will result in a corresponding reduction in
load PR of an order of magnitude. Thus inadvertent
thickness reductions in crown preparation and final
adjustment should be avoided if at all possible, to avoid
the hazardous domain of radial crack domination on the
left side of Fig. 3. The simple quadratic PR2d2

relationship in Eqs. (3) and (4) is fundamentally based
in the theory of flexing plates on soft foundations [22].
On the other hand, PR shows a relatively slow
dependence on outer/inner thickness ratio do=di in
trilayers, especially in the intermediate regions (Fig. 5).
This inbuilt tolerance in the latter case suggests that
relative veneer/core crown thicknesses can be dictated
by demands of aesthetics and/or fabrication technolo-
gies without adverse effects on structural integrity.
The analytical relations also provide a basis for

materials evaluation and ranking. Figs. 3 and 4 show
graphically that zirconia (Y-TZP) and alumina-matrix
composites (AMC) are the most damage-resistant of the
materials studied, porcelains the least resistant, with
InCeram alumina and zirconia and Empress II glass-
ceramic intermediate. The relative positions of these
curves in the thickness domain of radial crack domina-
tion are largely determined by the material strengths S

in the PR relations. This affirms the appeal of Y-TZP
and other ultra-strong materials as crown core materi-
als. To be balanced against this are any potential long-
term chemical instabilities, as has been indicated for Y-
TZP [2], and any uncommon susceptibility to cyclic
fatigue, again as in Y-TZP [35]. Eq. (1b) shows
dependence on ceramic hardness [30,34], but this is not
so critical provided again the cuspal radius is maintained
above a minimum operational level.
Given the critical load relations for trilayers in

Eqs. (3) and (4), it is now possible to predict a priori
the core fracture response of practical all-ceramic
crown-like structures subjected to occlusal loads. It is
necessary only to specify appropriate material properties
and layer thicknesses. By way of illustration, reduced
critical loads PR=P0 for porcelain/core-ceramic crowns
of fixed net thickness d and relative thickness do=di ¼ 1
are plotted in Fig. 6 for selected dental ceramics on a
common polymer substrate of nominal mid-range
modulus Es ¼ 10GPa (effective modulus of a typical
composite dental cement layer of 100 mm on dentin base
[36]) where P0 refers to an equivalent all-porcelain
crown (Ei ¼ Eo ¼ 68GPa). The relative positions of the
bars in Fig. 6 are determined primarily by strength Si
and modulus ratio Eo=Ei: On this basis, some of the
ceramics might be considered vulnerable, but Y-TZP
and AMC retain their appeal as super-strong materials
for future development. Any other potential crown
system can be quickly evaluated in this way.
The approach presented here represents just a first

step in our attempt to bridge materials science and
clinical design. There remain important clinical issues
not included in the present analysis—tangential and
rotational components of occlusal loading, crown and
tooth surface curvature, ceramic surface flaw state (e.g.
from machining), presence of voids and defects in the
cement, nature of tooth support (natural dentin,
buildup, post and core), residual stresses from veneer/
core thermal expansion mismatch or from crown/
adhesive curing stresses, and so on. One of the most
critical outstanding issues is that of fatigue in cyclic
loading—typical oral function corresponds to hundreds
of thousands of biting cycles per year, in exacting in vivo
environments. Fatigue has been studied in some depth
for top-surface modes—identified mechanisms include
slow growth of cone cracks and (far more deleterious)
microcrack coalescence within near-contact quasiplastic
zones [35]. Slow crack growth is also manifest in radial
fracture, as in the data of Fig. 4. Possible additional
modes, near-interface quasiplasticity in softer and
tougher ceramic cores and creep in the underlying
adhesive/substrate (cement/dentin) complex, are yet to
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be systematically studied. These degrading influences,
along with inadvertent reductions in crown wall thick-
ness, will tend to lower absolute estimates of PR:
However, on a relative basis, Fig. 6 remains a useful
guide to materials ranking.
Comparative evaluation of crown systems with metal

cores has also been carried out in our laboratories, in
order to seek answers as to why ceramic systems are
relatively vulnerable [26]. In metal-core systems radial
cracking occurs preferentially in the veneer rather than
the core. Such cracking is generally preceded by yield in
the support metal—such yield allows the overlying
veneer to flex and thus to develop tension at its
undersurface, and is therefore an essential precursor to
radial fracture. Yield can also lead to interfacial
delamination. The hardness Hi of the inner core metal
then becomes the controlling material property. This
conclusion gives credence to McLean’s measure of
success for all-ceramic crowns, that the strength Si of
a ceramic core should exceed the yield stress (typically,
Hi=3) [29] of any comparative core metal. At this time
there is no explicit relation to predict the onset of yield
in metal-based systems analogous to that for radial
fracture in Fig. 1; however, comparative finite element
analysis of trilayers with alumina and hard Co-alloy
cores (Table 1) indicates similar critical loads for these
two systems, suggesting that alumina may be regarded
as a ‘‘gold standard’’ for designing the next generation
of stronger and longer-lasting all-ceramic crowns
[30,34].
5. Conclusions

The work described in this article has sought to
provide sound physical guidelines for predicting the
onset of lifetime-threatening damage in representative
biomechanical layer structures. Fundamental relations
for competing damage modes (cone cracks, quasiplastic
damage, and radial cracks) from occlusal contact in all-
ceramic crowns have been experimentally validated. The
relations apply across classes of ceramics used for
crowns, including porcelains, glass-ceramics, aluminas,
and zirconias. Based on these relations, radial fracture,
originating from the cementation surface, is a dominant
failure mechanism in all-ceramic crowns. Clinically
relevant conclusions are:
(i)
 The critical load for radial fracture is strongly
influenced by net crown thickness (PR proportional
to d2). A minimum recommended thickness is
d ¼ 1:5mm, in accordance with current dental
practice. PR is much less dependent on relative
veneer/core (outer/inner) ceramic layer thickness,
particularly in the region do=di ¼ 1; allowing for
fabrication tolerance in the dental laboratory.
Prolonged loading can reduce PR by a factor of 2 to
3 over a year or more.
(ii)
 From the materials standpoint, critical loads are
most sensitive to strength S (ceramics), or hardness
H (metals). This suggests that, perhaps contrary to
intuition, a lot more attention should be paid to
strengthening the ceramic core material than the
porcelain. Modulus E is also an important
factor—stiffer ceramic cores provide more protec-
tion to the underlying dentin, but are more
susceptible to radial cracking because they support
more of the flexural load. For this latter reason, stiff
cores are also more vulnerable than veneering
porcelains.
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